isopenicillin-N synthase, 8 and TauD 9 also utilize mechanisms with key HAT steps.
Considerable effort has been devoted to synthesizing and studying biomimetic oxoiron complexes 10 in order to help elucidate the enzymatic mechanisms and to develop homogeneous iron-based oxidation catalysts. Studies on heme ironÀoxo complexes in the 1980s by Balch, La Mar, and Groves pioneered this field.
11 More recently, Que, Nam, and co-workers have reported isolable non-heme oxoiron(IV) complexes that react with hydrocarbons via HAT. 12 Reactions proceeding by HAT mechanisms have also been studied for terminal oxo complexes of Mn, Ru, Cr, and V. 13À19 In general, the selectivity of nonenzymatic HAT reactions is thermodynamically controlled, and reaction rates follow a linear correlation with the bond dissociation enthalpy (BDE) of the XÀH bond being broken (the BellÀEvansÀPolanyi relation), 1, 20 i.e., homolytically weaker substrate bonds react more rapidly.
Imido (NR 2À ) ligands are isoelectronic to oxo (O 2À ) ligands (Scheme 1), and imido complexes are often proposed as intermediates in hydrocarbon amination mechanisms in which the imido species performs the cleavage of the CÀH bond that precedes CÀN bond formation. Imido complexes are also more versatile than oxo complexes, because there is an opportunity to tune the steric and electronic properties of the complex by changing the nitrogen substituent. However, the HAT reactivity of imido complexes (MdNR) has not been investigated in as much detail as that of their oxo counterparts. There has been a recent renaissance of activity in the synthesis of imido complexes of the late transition metals (groups 8À11), 21 and this activity has resulted in the isolation of late transition metal complexes ABSTRACT: In the literature, ironÀoxo complexes have been isolated and their hydrogen atom transfer (HAT) reactions have been studied in detail. IronÀimido complexes have been isolated more recently, and the community needs experimental evaluations of the mechanism of HAT from late-metal imido species. We report a mechanistic study of HAT by an isolable iron(III) imido complex, L Me FeNAd (L Me = bulky β-diketiminate ligand, 2,4-bis(2,6-diisopropylphenylimido)pentyl; Ad = 1-adamantyl). HAT is preceded by binding of tert-butylpyridine ( t Bupy) to form a reactive fourcoordinate intermediate L Me Fe(NAd)( t Bupy), as shown by equilibrium and kinetic studies. In the HAT step, very large substrate H/D kinetic isotope effects around 100 are consistent with CÀH bond cleavage. The elementary HAT rate constant is increased by electron-donating groups on the pyridine additive, and by a more polar medium. When combined with the faster rate of HAT from indene versus cyclohexadiene, this trend is consistent with H þ transfer character in the HAT transition state. The increase in HAT rate in the presence of t Bupy may be explained by a combination of electronic (weaker FedN π-bonding) and thermodynamic (more exothermic HAT) effects. Most importantly, HAT by these imido complexes has a strong dependence on the size of the hydrocarbon substrate. This selectivity comes from steric hindrance by the spectator ligands, a strategy that has promise for controlling the regioselectivity of these CÀH bond activation reactions.
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22À27 Surprisingly, only a few of the isolated late-metal imido complexes perform HAT reactions, which has limited chemists' ability to evaluate the mechanism of HAT in imido systems. Warren' group demonstrated stoichiometric HAT with a nickel(III) imido complex, 27c and Theopold's group showed that a CoÀimido complex inserts the imide into a ligand CÀH bond upon heating to form an amine complex. 25d Betley's group has shown that an isolated ironÀimido complex is capable of CÀH amination, presumably through a HAT-based mechanism.
22m Gallo's group reported an isolable Ru VI diimido complex that catalyzes hydrocarbon amination through trappable radical intermediates. 23f Che's group evaluated the effect of imido substituents and Ru(VI) reduction potential for imido transfer by a series of (porphyrinato)Ru(NR) 2 complexes. 23b In the chemistry of iron and other first-row metals, there are also reports of ligand CÀH activation products that strongly implicate HAT by a reactive (but unobserved) imido moiety. For example, in 2003 Que's group observed ortho tosylamination of a ligand phenyl group upon addition of PhIdNTs to an iron(II) precursor and suggested an iron(IV) tosylimido intermediate. 28 More recently, the groups of Power, 22j Warren, 29 Theopold, 30 Borovik, 31 Arnold, 32 Betley, 33 Peters, 34 and Latour 35 observed amido complexes of Fe, Co, or Cu whose formation is most easily rationalized as resulting from HAT by unobserved imido complexes. Stephan's group also observed radical reactivity of a putative Ni III arylimido intermediate, in which radical attack at the para position of the arylimido moiety results in nickelÀketimido products. 36 In a few especially exciting cases, 29, 33 ligand CÀH activation leads to formation of a new NÀC bond following the HAT step, likely through a "radical rebound" mechanism akin to the one used for hydroxylation by cytochrome P450. 4 However, the inability to isolate the presumed imido intermediates in these reactions prevented detailed study of the mechanisms.
We recently characterized the three-coordinate imidoiron(III) complex L Me FedNAd (1) (L Me = 2,4-bis(2,6-diisopropylphenylimido)pentyl anion; Ad = 1-adamantyl) by EPR, NMR, and M€ ossbauer spectroscopies and density functional theory (DFT), 37 and subsequently by crystallography, EXAFS, and magnetic susceptibility. 38 It is especially notable that 1 brings about facile HAT reactions: our preliminary results suggested that the active species in HAT reactions was L Me Fe(NAd)( t Bupy) (1 3 t Bupy) ( t Bupy = 4-tert-butylpyridine), which derives from weak coordination of 1 by added 4-tert-butylpyridine. 37 Because 1 is the first isolated ironÀimido complex that performs intermolecular HAT reactions, it offers a special opportunity to gain insight into how these reactions proceed. In this study, we investigate the kinetics and thermodynamics of hydrocarbon HAT by 1 3 t Bupy using experimental and computational analysis. This is one of the first systematic studies of HAT reactivity of an isolated imido complex with any late transition metal. (Table 1) . The van't Hoff plot ( Figure 1 ) gives values of ΔH eq°= À7.0(2) kcal/mol and ΔS eq°= À20.6(6) cal/mol 3 K, which are reasonable values for the proposed equilibrium: the exothermic ΔH eq°v alue is consistent with a new bond being formed, and the negative ΔS eq°v alue is consistent with combining two molecules into one. At 298 K, these values correspond to ΔG eq°= À0.9(3) kcal/mol, a value that indicates very weak coordination. K eq values for 4-phenylpyridine, 4-(dimethylamino)pyridine, and 4-(trifluoromethyl)pyridine were also determined at 40°C. Table 1 shows that more electron-donating pyridines bind more strongly to 1, as expected from their greater basicity.
Kinetic Studies of the Intramolecular HAT Reaction. The intramolecular hydrogen atom abstraction reaction (conversion of 1 3 t Bupy to 3 3 t Bupy, Scheme 2) was studied by 1 H NMR spectroscopy in C 6 D 6 at 40°C with [1] = 29 mM. The progress of the reaction was followed by monitoring the disappearance of 1 relative to a capillary integration standard. 42 The concentration of 1 decreased over time, and the relative integrations were fit to a first-order exponential curve 43 to obtain the observed pseudofirst-order rate constant k obs . A plot of k obs versus [
t Bupy] is shown in Figure 2 
Bupy.
The intercept near the origin is consistent with the observation that decomposition of 1 proceeds at a greatly decreased rate at 40°C without pyridine. When combined with the dependence of k obs on [
t Bupy], this indicates that 1 3 t Bupy, and not 1, is the active species in the HAT reaction. These data imply the rate law in eq 2, where k intra is the first-order rate constant of the elementary HAT step. 
By fitting eq 3 to the data in Figure 2 , the elementary rate constant is calculated to be k intra = 5.1(1) Â 10 À2 s À1 for the reaction of 1 and t Bupy. The pseudo-first-order rate constants k obs were also determined using several para-substituted pyridines (40°C, [Fe] = 26 mM, [pyridine] = 0.26 M). Assuming that the rate law in eq 3 applies to each reaction, it is possible to calculate the rate constants k intra for the HAT reaction using each para-substituted pyridine (Table 2) , using the independently determined values of K eq ( Table 1 ). The Hammett plot of the elementary rate constant k intra as a function of σ p shows that more electron-donating pyridine substituents (Figure 3) (Figure 4a ), suggesting that the rate-limiting step is attack on the hydrocarbon. Similar to the intramolecular reaction, the intermolecular HAT rate is dependent on the presence of t Bupy. If t Bupy was omitted, no reaction was observed in 3 h at À51°C (<5% decrease of the integration of 1, and no 2 was detected). Since With the first-order dependence on [CHD], one expects the rate law in eq 4, where k inter is the second-order rate constant for the elementary HAT step. The factor of 2 is added because CHD contains two weak CÀH bonds and thus requires 2 equiv of 1 3 t Bupy to form benzene. This analysis assumes that the second CÀH bond reacts with a second molecule of 1 3 t Bupy much faster than the first HAT, which is reasonable because the CÀH BDE of cyclohexadienyl radical (22 kcal/mol) is significantly lower than the CÀH BDE in cyclohexadiene (77 kcal/mol).
Since the reaction was monitored at low temperature where K eq for t Bupy association is large (K eq = 250 ( 20 M À1 ), the weak-binding approximation used to generate eq 3 cannot be used here. Thus, the full expression for [1 3
t Bupy] in terms of K eq , [1] 0 , and [
t Bupy] 0 must be used, which gives the rate law in eq 5.
However, the rate law is greatly simplified in the saturation regime ([ t Bupy] > 0.05 M), where there is a zeroth-order dependence on [ t Bupy] (eq 6).
Under pseudo-first-order conditions (saturated in [ t Bupy] and with excess CHD), k obs = 2k inter [CHD] , and the elementary second-order rate constant for the HAT step (k inter = (9.1 ( 0.9)
) is calculated from the slope of Figure 4a .
H/D Kinetic Isotope Effect for the Reaction of 1 3 t Bupy and CHD. To probe the hypothesis that the rate-limiting step of the mechanism is hydrogen atom transfer, we measured the intermolecular kinetic isotope effect (KIE) of the reaction with CHD by extending the kinetic study to CHD-d 8 ( Figure 5 ). The 1 H NMR method was identical to that described above for CHD-h 8 , although much higher concentrations of CHD-d 8 were necessary to speed up the reaction to a practical rate at À51°C. The calculated value k H /k D = 105 ( 28 is a very large primary KIE, which clearly supports the contention that HAT from CHD is the rate-limiting step in the transformation.
HAT from Larger Substrates. To explore the substrate dependence of the HAT reactivity of 1 3 t Bupy]. Thus, for the reactions with substituted cyclohexadienes, the rate law is identical to eq 6. For the reaction with indene, the rate law is given in eq 7, which follows eq 6, except the factor of 2 is omitted since each indene molecule supplies a single hydrogen atom. Table 3 . Conversion to the expected products benzene, p-xylene, and naphthalene was confirmed by GC/MS (92%, 99%, and 69%, respectively). Computations. To help understand the role of t Bupy in the HAT reactions of 1 3 t Bupy, and to understand the steric dependence of the reaction, computations were performed on the amido products (2 and 2 3 t Bupy), imido starting materials (1 and Journal of the American Chemical Society
, and transition states. Computations used a mixed quantum mechanical/molecular mechanics (QM/MM) model: B3LYP/6-311þþG (d,p) on the N 2 C 3 Fe diketiminate core, the NC of the imido, and the pyridine ring, and UFF molecular mechanics 48 on the remainder of the complexes. We performed initial computations using a truncated model
) and the B3LYP/6-31G(d) functional/basis set to identify low-energy states for further study. The truncated models showed that in all imido ground states and transition states, the energies of the doublet spin states were much higher than those of the other spin states (g10 kcal/mol), and so only quartets and sextets were considered in full QM/MM models. Moreover, tests with different functionals (BP86, M06, B2LYP, and MPWPW91) did not qualitatively alter the nature of the calculated potential energy curves.
Computations: Iron(III) Imido Complexes. The QM/MM methods were first validated on the crystallographically characterized three-coordinate complex 1. The intermediate-spin state (Figure 7a ) was computed to be 12 kcal/mol more stable (ΔH) than the high-spin isomer, which is in agreement with the S = 3/2 ground state identified by magnetometry and EPR spectroscopy. 38 The calculated bond distances and angles differ between the S = 3/2 and S = 5/2 states, and the corresponding bond distances and angles from the crystal structure of 1 38 agree with the computed S = 3/2 geometry (Table 4) For the purposes of studying the HAT reactions, the fourcoordinate pyridine adducts are also important. Enthalpy computations indicate that 1 3 t Bupy is 2.4 kcal/mol more stable as a quartet (IS) than a sextet (HS). Inclusion of entropic factors yields a free energy difference in the HS and IS states of 1 3 t Bupy Journal of the American Chemical Society ARTICLE of only 0.2 kcal/mol, slightly in favor of the quartet. Because these are close to the same energy, both must be considered as potential ground-state candidates. 50 The optimized HS model of 1 3 t Bupy is shown in Figure 7b , and the optimized IS model is geometrically similar. Both spin states of 1 3 t Bupy have an iron coordination geometry that is distorted toward trigonal pyramidal. 51 The metrical parameters are given in Table 5 . It is notable that regardless of spin state, the FedN bonds are significantly longer in the four-coordinate imido models (1.76 and 1.77 Å) than the quartet three-coordinate imido model (1.70 Å). These metrical parameters reflect weaker ironÀnitrogen π-bonding in the fourcoordinate species.
Spin density was observed on the imido nitrogen in each complex. The nitrogen spin density is much greater in the S = 5/2 states ( Bupy were modeled with QM/MM methods in both triplet and quintet spin states. Geometry optimizations of amido complexes utilized the same QM/MM partitioning scheme applied to the full imido models, with the amido proton also modeled quantum mechanically. Smaller basis set QM/MM calculations (i.e., ONIOM(B3LYP/6-31þG-(d):UFF)) indicated that the quintet amido product is more stable than the triplet amido product by 12 kcal/mol for 2 and by 18 kcal/mol for 2 3 t Bupy, which is consistent with their experimental room-temperature magnetic moments (∼5.5 μ B ) 37, 38 that suggest quintet ground states. Hence, simulations of 2 and 2 3 t Bupy with a larger QM basis set, ONIOM(B3LYP/6-311þþG(d,p): UFF), were performed only on the quintet spin state.
The geometries of L R FeÀNHR 0 have been found by crystallography to be quite sensitive to the particular amido (R 0 = t Bu, Ph, tolyl, 2,6-Me 2 Ph, 2,6-iPr 2 Ph) and β-diketiminate (R = Me, t Bu) substituents, as well as the presence or absence of a fourth ligand (THF, t Bupy), 52 which provides an opportunity to test the geometric predictions of the computations on 2 and 2 3 t Bupy. For the optimized structures of 2 and 2 3 t Bupy, there is asymmetry in the N diket. ÀFeÀN amido angles, large FeÀN amido ÀC Ad angles (∼136À137°), and corresponding small FeÀNÀH angles (∼113°). Table 6 compares the calculated bond lengths and angles of 2 and 2 3 t Bupy to those determined experimentally from their crystal structures. 37, 38 The computed NÀH homolytic BDEs are derived from the enthalpies of the amido and imido complexes and the calculated enthalpy of H
• (eq 8). Figure 7 . QM/MM-optimized geometries of (a) quartet 1 and (b) sextet 1 t Bupy. Hydrogen atoms are removed for clarity. Key: iron, light pink; nitrogen, dark pink; carbon, gray.
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t Bupy, which was slightly lower in enthalpy (6.4 kcal/mol) than the corresponding sextet transition state. In each transition state, the FeÀN imido bond has lengthened to 1.83À1.90 Å, and the Fe 3 3 3 NÀC linkage has become more bent at 139À143°. The key three-center N 3 3 3 H 3 3 3 C interaction shows a similar geometry regardless of spin state or Fe coordination number, with a linear N 3 3 3 H 3 3 3 C angle (175À 177°) and a slightly longer N 3 3 3 H (1.38À1.48 Å) distance than the C 3 3 3 H (1.23À1.33 Å) distance.
Interestingly, the barriers for HAT are calculated to be similar for the quartet and sextet transition states. So, even though sextet 1 3 t Bupy has greater spin density on the imido nitrogen atom in the ground state than quartet 1 3 t Bupy, it does not show a marked improvement in the kinetics of hydrogen atom abstraction. Additional evaluation of the barrier using other functionals and basis sets (BP86, M06, B2LYP, and MPWPW91 with the 6-311þþG(d,p) basis set and B3LYP with 6-31þG(d) and the 6-311þþG(d,p) basis sets) gave no clear preference, with the sign and magnitude of the relative quartet versus sextet barrier both being very sensitive to these details of the computation.
CÀH Bond Dissociation Energies: Homolytic and Heterolytic. For a complete analysis of the HAT reaction, CÀH BDEs for each substrate are needed. However, to our knowledge there are no literature values for the substituted cyclohexadienes used in the experiments above. Typically, there is only a small effect in the derived CÀH BDE from peripheral substitution by hydrocarbyl groups, so the BDE values for methyl-substituted CHD are likely near the value for CHD. For example, xanthene (75.5) and 9-phenylxanthene (76.2) have nearly identical derived BDE values, 53 as do 9,10-dihydroanthracene (83.0) and 1,4,5,8-tetramethyl-9,10-dihydroanthracene (83.3). 54 Notwithstanding, multiple values for a single BDE are often encountered in the literature since various methods are used in their determinations. 55 Thus, we chose to calculate the BDE values for each substrate in this study using the B3LYP/6-311þþG(d,p) level of theory (gasphase simulations; enthalpies determined at 298.15 K and 1 atm) in order to have self-consistent and comparable numbers for all substrates. The computed CÀH BDE values for each substrate are given in Table 3 above.
We also sought the pK a values for the substrates used in this study, especially to compare indene to the cyclohexadiene series. Empirical pK a values are available for indene (20) 56 and DHA (30) 57 in DMSO, but the corresponding values for the substituted cyclohexadienes are, to our knowledge, unknown. Therefore, we computed the gas-phase enthalpy of heterolytic bond cleavage to give R À and H þ using the same B3LYP/6-311þþG-(d,p) level of theory employed for homolytic BDEs. The computed heterolytic CÀH BDE values for each substrate are given alongside the homolytic BDEs in Table 3 above.
The calculated heterolytic BDEs are in excellent agreement with the available compiled enthalpic data. 58 The heterolytic BDE for 1,3-cyclohexadiene is given as 373.3 ( 4.1 kcal/mol, 59, 60 which compares favorably with the calculated value of 375 kcal/mol for CHD. Two experimental evaluations of indene place its heterolytic BDE at 354.3 ( 2.5 kcal/mol 61 Journal of the American Chemical Society ARTICLE atoms from hydrocarbons through HAT, which forms a new OÀH bond and leaves an organic radical. The mechanisms of these reactions have been examined in detail in a number of important studies. 12 However, HAT by ironÀimido complexes has not been studied because the few isolable ironÀimido species are not capable of well-characterized intermolecular hydrogen atom abstraction reactions. In a few reported cases, additions of nitrene sources to iron(II) complexes have given iron(III) products that strongly imply HAT, but imido intermediates were not observed. 28, 31, 33, 35 In contrast, the imidoiron(III) complex L Me FeNAd (1) is isolable and characterized through crystallography, EXAFS, EPR, M€ ossbauer, NMR, computational chemistry, and magnetic susceptibility, 37, 38 and in the presence of pyridines it reacts with hydrocarbons having weak CÀH bonds. The study of 1 thus offers an excellent opportunity to learn more about the HAT ability of species with FedN bonds.
Interestingly, kinetic studies show that the HAT reactions of 1 take place almost exclusively through four-coordinate 1 3 t Bupy, as demonstrated by the dependence of the intramolecular reaction rate on the pyridine concentration. In the absence of pyridine, HAT requires significantly higher temperatures, and so our mechanistic investigations focused on the more rapid reaction of 1 3 t
Bupy.
The mechanistic studies reported here provide strong evidence in support of a HAT mechanism for the reactions of 1 3 t Bupy with cyclohexadiene (CHD) and indene. The isolation and full characterization of the amidoiron products 2 3 Trends in HAT Rate with Different Substrates. There is an extensive literature on HAT reaction rates, which have been measured for substrates having a wide range of CÀH and OÀH BDEs. In the 1960s, Ingold and co-workers studied HAT reactions of peroxy radicals with a large library of phenols and determined substituent effects on the second-order rate constants. 68 In a more recent example, Mayer and co-workers studied a range of different Fe, Co, and Ru systems that react with hydrocarbons or phenols via HAT 69 and found that the rates of hydrogen atom abstractions follow a linear free energy relationship 20 with the homolytic BDE of the bond being broken. Increasing interest in HAT reactions by transition-metalÀoxo complexes has led to numerous studies that have supported similar correlations, even with substrates of different sizes. In one example, an excellent linear rate/BDE correlation was observed for a HAT from toluene, ethylbenzene, and cumene to a RudO complex, despite the steric difference in the substrates. In contrast, the rates of intermolecular HAT reported here do not correlate with the bond enthalpy of the bond being broken, since 1 3 t Bupy reacts at very different rates with substrates of similar bond dissociation energies. Instead, we propose that the main factor controlling the HAT rate is the steric accessibility of the CÀH bond to the reactive nitrogen atom. We used two series of substrates with very similar CÀH bond energies and differing steric demands to illustrate this trend: HAT rate constants decrease in the order CHD > Me 2 CHD > Me 4 CHD ≈ 0 for the methyl-substituted cyclohexadiene series and CHD > dihydronaphthalene (DHN) > dihydroanthracene (DHA) ≈ 0 for the benzo-substituted cyclohexadiene series. In other words, as the number and size of substituents near the weak CÀH bond increases, the rate decreases drastically. The rate of HAT drops by a factor of 50À90 from CHD to Me 2 CHD or DHN, and further substitution to Me 4 CHD or DHA renders the substrate completely unreactive.
There are other examples of systems in which the log k HAT / BDE relationship does not hold for large substrates, although the effect is much less pronounced than the HAT reactivity of 1 3 t Bupy. The HAT rate by an octahedral trans-dioxoruthenium-(VI) complex showed a linear (log k HAT )/(CÀH BDE) relationship for a series of para-substituted phenols, with the exception of 2,6-di-tert-butyl-substituted substrates. 70 The rate of HAT from phenol was 4 times faster than from 2,6-di-tert-butylphenol, despite the opposite order of OÀH BDE values (phenol > 2,6-di-tert-butylphenol by ∼5 kcal/mol). A similar trend is seen in the rates of reaction of phenols with peroxy and alkyl radicals, in which substituting the phenol substrate with two o-methyl groups slowed the HAT rate by a factor of ∼2, and substituting with two o-tert-butyl groups slowed the HAT rate by ∼100-fold. 71 A ruthenium(IV) sulfilamido species showed a good rate/ BDE correlation in the HAT reaction with xanthene, CHD, DHA, and fluorene, but diphenylmethane and triphenylmethane reacted, respectively, about 20 and 50 times slower than the trend would predict based on BDE alone. 72 A putative Fe IV dO intermediate reacted with fluorene and DHA in 80% yield, but not at all with diphenylmethane, indicating that substrate access to the FedO might be rate-limiting. 73 A recent review describes the range of selectivity factors (including sterics) controlling CÀH activation reactions of organic molecules. 74 The large difference in HAT rates of CHD versus Me 2 CHD and CHD versus dihydronaphthalene with 1 3 t Bupy is among the most sensitive steric constraints observed for HAT reactions. We attribute this in part to the presence of a large imido N-substituent, which, in combination with the bulky β-diketiminate ligand, creates a substrate pocket to which access is greatly hindered. The added steric hindrance from the coordinated pyridine in the active species, 1 3 t Bupy, is also likely to play a role in limiting the size of the substrate binding site.
It is difficult to explain the 120-fold difference in the HAT rate constants between indene (1.9(2) Â 10 À2 M À1 s
À1
) and dihydronaphthalene (1.56(4) Â 10 À4 M À1 s À1 ) using a steric argument. This difference also cannot be explained by a difference in homolytic BDEs, because the CÀH BDE of indene (calcd 77 kcal/mol) is larger than that of dihydronaphthalene (calcd 72 kcal/mol). A more likely explanation is the difference between the heterolytic bond enthalpies: deprotonating the hydrocarbon is calculated to be significantly easier for indene (calcd 351 kcal/mol) than dihydronaphthalene (calcd 366 kcal/mol). The correlation with heterolytic BDEs suggests that there is proton-transfer character in the transition state for HAT, with buildup of positive charge on the metal fragment and negative charge on the hydrocarbyl fragment. This is equivalent to stating that proton transfer and electron transfer are concerted but asynchronous, with proton Journal of the American Chemical Society ARTICLE transfer slightly preceding electron transfer. A third way of expressing this idea is that the imido ligand has some Brønsted base character during the HAT reaction.
1f, 75 Gaining additional evidence for this idea was challenging because the sensitivity of the imidoiron complex prevented us from directly probing the proton affinity or the redox potentials of 1 or 1 3 t Bupy. Therefore, two alternative tests were used. First, in a HAT step with asynchronous proton and electron transfer, the charge buildup in the transition state should be stabilized by a more polar environment. This hypothesis was tested by performing the HAT reaction between 1 3 t Bupy and CHD in a solvent with added electrolyte. We found that the HAT rate constant k inter is a factor of 1.60(9) larger in THF-d 8 Figure S-8) . The faster rate in a solvent of higher ionic strength is consistent with charge buildup in the transition state. Second, we varied the basicity of the coordinated pyridine, as described above. Even after correcting for the differences in equilibrium binding constants, the more electron-donating pyridines gave a larger rate constant for intramolecular HAT (Figure 3 ). This trend is consistent with the idea that 1 3 t Bupy has basic character in the HAT reaction, because electron-donating groups on the ligands are expected to increase the basicity and hence the reactivity.
Steric Constraints on the HAT Transition State. Intermolecular HAT reactions involving metalÀoxo complexes typically have positive ΔH q values (on the order of 5À30 kcal/mol) and large negative ΔS q values (on the order of À20 to À50 cal/mol 3 K).
13b,17,18b,19d,69a For the HAT reactions reported here, the activation enthalpies of ΔH 76 It is possible that the significant steric hindrance in the ground state of 1 3 t Bupy is somewhat relieved by lengthening the FeÀN imido bond to ∼1.90 Å in the HAT transition state, and this in turn gives greater flexibility. However, the value for the entropy of activation should be viewed with due caution because ΔS q HAT is derived from extrapolation to 1/T = 0 of the quotient of two measured values (K eq and k obs ) that each have experimental uncertainty.
The rate of the HAT reaction had a surprisingly large dependence on the size of the substrate. As described in the Results section, the rate for CHD was about 50 times larger than that for 1,4-dihydronaphthalene (DHN), and 9,10-dihydroanthracene (DHA) did not undergo HAT. To evaluate these reactions computationally, HAT transition states for CÀH activation of DHN and DHA were calculated using the same ONIOM-(B3LYP/6-311þþG(d,p)) level of theory employed for the CHD reaction coordinate. The calculated quartet transition states for CHD, DHN, and DHA all place the substrate roughly in the equatorial plane defined by the β-diketiminate and imido nitrogens and slightly away from the t Bupy donor ligand (Supporting Information Figure S-13) . The second ring of a DHN substrate can position itself on the distal side of the equatorial plane (away from t Bupy) with minimal additional steric congestion. However, the addition of a third ring to the substrate, as in DHA, leads to steric hindrance with the t Bupy and 2,6-diisopropylphenyl substituents. The larger substrates have higher calculated free energy barriers: ΔΔG q (DHN À CHD) calcd = 1.1 kcal/mol, ΔΔG q (DHA À CHD) calcd = 7.0 kcal/mol, consistent with the experimentally observed selectivity patterns. Analysis of the MM portion of the ONIOM extrapolated energy yields ΔΔE q (DHN À CHD) calcd = 0.9 kcal/mol, ΔΔE q (DHA À CHD) calcd = 4.3 kcal/mol. Assuming that there is a rough cancellation of entropic and enthalpic corrections to the free energy, these simulations support the experimental hypothesis that steric factors are primarily responsible for the selectivity observed in HAT reactions of 1 3 t
Bupy.
Dependence of HAT on the Iron Coordination Number. We now consider an intriguing question: why is four-coordinate 1 3 t Bupy so much reactive than three-coordinate 1? Coordination-induced rate enhancement is not a unique phenomenon: the rate of HAT and other reactions of oxo and nitrido complexes can be accelerated by pyridine, 77 pyridine N-oxide, 78 and halide 79 additives. Although 1 does react with CHD to form 2 and benzene, the reaction is much slower (requiring hours at room temperature) than the reaction of 1 3 t Bupy and CHD to form 2 3 t Bupy (requiring minutes at À51°C). There are several potential explanations for why pyridine coordination could magnify the HAT rate. This explanation is consistent with literature observations on ironÀoxo complexes. The axial thiolate in heme enzymes increases the basicity of the oxo ligand and makes it more effective for HAT. 80 In non-heme oxoiron(IV) complexes as well, faster HAT rates correlate with a more basic trans ligand, 12a,83b and with longer FedO bonds.
12e A similar dependence of HAT rate on axial ligand basicity is evident in corrolazine-ligated oxomanganese-(V) complexes. 79 Hypothesis 2: Coordination of t Bupy Bends the FedNÀC Linkage. In a second view, the bent FedNÀC angle in the ground state of 1 3 t Bupy is more closely matched to the HAT transition state geometry than is the corresponding FedNÀC angle in ground-state 1. This would lead to a faster rate for 1 3 t Bupy than 1 due to the smaller structural reorganization energy. 81 This explanation would fit into models of HAT reactions conforming to the Marcus picture of electron transfer. 75 Computations do indicate that the FedNÀC angle in 1 3 t Bupy (169°for quartet, 162°for sextet) is somewhat closer to the four-coordinate transition state (143°for the quartet, 140°for the sextet) than the FedNÀC angle in 1 (173°for quartet, 163°for sextet) is to the corresponding three-coordinate transition state (138°for quartet, 139°for the sextet). However, these geometric differences are small and unlikely to be the major contributor to the huge difference in reactivity between 1 and 1 3 t Bupy. Furthermore, computational studies have shown that bending the MdNÀR linkage is not energetically costly. 85 In these systems, computations suggest that spin crossover is important at the HAT transition state, since the reaction on the quintet surface has a lower barrier than the triplet surface. 83 Thus, an accessible high-spin state is thought to facilitate HAT in these complexes. Magnetic susceptibility, EPR, and computational data show that the ground state in compound 1 is intermediate spin (S = 3/2), and the computational model places the high-spin state higher in energy (þ12 kcal/mol). Addition of pyridine to 1 does bring the S = 3/2 and S = 5/2 spin states to similar energy (computed to be within 2 kcal/mol); however, in contrast to the octahedral oxoiron(IV) systems, the calculated energy of the lowest transition state for HAT by 1 3 t Bupy does not differ significantly by spin state. Therefore, our computational results do not support the idea of spin-state-dependent reactivity in this iron system. Bupy might follow from a greater driving force for HAT in the pyridine adducts. This driving force may be quantified by comparing the thermodynamics of t Bupy coordination to 1 and to 2 and subsequently constructing a thermodynamic square (Figure 9 ). Using the same method described above for quantifying the equilibrium of 1 and 1 3 t Bupy, we determined K eq for t Bupy coordination to 2 over the temperature range of 25À110°C in toluene-d 8 . The van't Hoff plot (Supporting Information Figure S-11) gives ΔH eq°= À14.5(6) kcal/mol and ΔS eq°= À30(1) cal/mol 3 K for the equilibrium of 2 and 2 3 t Bupy, which corresponds to ΔG eq°= À5.6(9) kcal/mol at 298 K. Because of the constraint imposed by the thermodynamic square, HAT by 1 3 t Bupy must therefore be 5(1) kcal/mol more exergonic and 7(1) kcal/mol more exothermic than HAT by 1 at 298 K. Thus, pyridine binding indeed makes HAT more thermodynamically favorable.
We also sought to quantify the effect of t Bupy on ΔH q and ΔG q of the HAT reaction, to test whether or not the kinetic effect of t Bupy on the HAT rate follows the thermodynamic effect of stronger binding to 2 than 1. Thus, we performed HAT reactions between 1 and CHD without t
Bupy. An Eyring plot of the secondorder rate constant k inter for this reaction between 25 and 55°C (Supporting Information Figure S-12) gives the activation parameters for the HAT reaction without t Bupy of ΔH q = þ12.2(3) kcal/mol, ΔS q = À33(2) cal/mol 3 K, and ΔG q = þ22(1) kcal/ mol at 298 K. Thus, the addition of t Bupy results in a drop in HAT barrier height by ΔΔG q = À5(2) kcal/mol, which is the similar to the thermodynamic driving force. In summary, the magnitude of change in thermodynamics for the HAT reactions with and without pyridine is sufficient to explain the change in rate, if the thermodynamic stabilization of binding in the product is already realized in the transition state.
Thus, a combination of experimental data, computational results, and chemical principles support both hypotheses 1 and 4. In hypothesis 1, coordination of a fourth ligand gives weakening of the FedNR bond. In this explanation, the basicity of the pyridine is "relayed" through the iron to the imido group, which abstracts a hydrogen atom through a transition state with proton transfer character. It is reasonable that the current system has at least as much dependence on basicity as the well-studied oxoiron-(IV) species, 84 because of the lower formal oxidation state of these imido complexes (Fe 3þ vs Fe 4þ ) and the lesser electronegativity of nitrogen as compared to oxygen. 87 In hypothesis 4, HAT becomes faster with an added pyridine donor because coordination of pyridine to the product amido complex 2 is stronger than coordination to imido 1, providing a thermodynamic driving force for HAT. A explanation similar to hypothesis 4 for rate enhancement by added ligands was presented recently in the context of oxomanganese chemistry. 79 Limitations and Implications. How potent is the iron(III) imido complex for HAT? A clue comes from the observation that the intramolecular HAT reaction breaks a CÀH bond of the diisopropylphenyl substituent in the β-diketiminate ligand. Assuming the BDE of the isopropyl methine CÀH is similar to that in cumene (∼86 kcal/mol), 88 1 3 t Bupy is thermodynamically capable of breaking CÀH bonds significantly stronger than those in CHD (71 kcal/mol). However, the "effective concentration" of isopropyl groups in 1 3 t Bupy is huge, since there are always four methine protons near the metal. Thus, even added substrates with a similar BDE would need to be in a large excess in solution to compete kinetically with intramolecular ligand activation. It is also possible that fast trapping of the benzylic radical by the diketiminate backbone drives the intramolecular HAT reaction. Current efforts are devoted to the design of ligands that will not be attacked by the reactive imido fragment, in order to harness the full thermodynamic potential of imidoiron(III) species for CÀH activation reactions.
Although ligand activation limits the substrate scope of intermolecular HAT by 1 3 t Bupy, this work is important because it shows that sterically bulky, weak-field supporting ligands can produce low-coordinate complexes that are reactive toward homolytic CÀH bond cleavage. It is noteworthy that other late transition metal oxo and imido complexes that are reactive toward HAT are also supported by weak-field ligand frameworks, 12,25d,31 suggesting that the use of weak-field (π-donor) ligands may be a general advantage in the design of ligand systems for productive HAT processes.
' CONCLUSIONS
The ability of bulky ligands to stabilize a reactive FedNR species has enabled the first in-depth study of the mechanism of H-atom transfer (HAT) reactivity of an imidoiron complex. reactions with CHD and indene demonstrate rate-limiting CÀH cleavage. The magnified reactivity of the four-coordinate ironimido complex 1 3 t Bupy is partly attributed to a "push" effect where coordination of pyridine gives a longer FedN bond and more basic imido nitrogen atom in the starting material, and pyridine also stabilizes the amidoiron(II) product of the reaction. The basicity of the imido nitrogen atom is important for HAT, 22i because there is charge buildup in the HAT transition state that gives the HAT some proton-transfer character. Spin-state-dependent reactivity does not appear to be an important factor in these HAT reactions.
The potency of 1 3 t Bupy toward HAT attests to the potential of low-coordinate imido complexes with weak-field ligands for CÀH activation reactions. The considerable steric demands of the supporting diketiminate ligand and large imide N-substituent cause the imido complex to strongly prefer unhindered substrates in HAT reactions. This sterically controlled reactivity is significant because it represents a deviation from the typical linear free energy relationships, where selectivity is determined primarily by the CÀH bond dissociation energy. In a system that can activate stronger CÀH bonds, one may be able to use this steric control to develop catalysts that use nitrene-based intermediates to selectively target the stronger, but more sterically accessible, primary CÀH bonds of organic compounds.
' EXPERIMENTAL SECTION General Considerations. All air-sensitive manipulations were performed under a nitrogen atmosphere in an MBraun glovebox maintained below 1 ppm of O 2 and H 2 O, or on a double-manifold vacuum line using standard Schlenk techniques. For air-sensitive manipulations, all glassware was dried overnight at 150°C. 1-Azidoadamantane was purchased from Aldrich and crystallized twice from pentane prior to use. 1,4-Cyclohexadiene and indene were purchased from Aldrich and vacuum-transferred from CaH 2 and stored over 3 Å molecular sieves (activated at ∼350°C for 12 h under vacuum). 4-tert-Butylpyridine and 4-trifluoromethylpyridine were purchased from Aldrich and degassed and dried over activated 3 Å molecular sieves prior to use. 4-Dimethylaminopyridine and 4-phenylpyridine were purchased from Aldrich and recrystallized from toluene prior to use. 1,4-Dihydronaphthalene was purchased from TCI and vacuum-transferred from CaH 2 . 1,4-Dimethyl-1,4-cyclohexadiene 89 and 1,2,4,5-tetramethyl-1,4-cyclohexadiene 90 were prepared by literature methods. L Me FeNAd (1) was prepared as previously described. 38 Other reagents were obtained commercially and used without purification. Benzene-d 6 was dried over flame-activated alumina, and toluene-d 8 was vacuum-transferred from a purple sodium benzophenone ketyl and stored over Na metal. Before use, an aliquot of each solvent was qualitatively tested for dryness with a drop of THF containing sodium benzophenone ketyl. NMR data were collected on either a Bruker Avance 400 or Bruker Avance 500 spectrometer.
1 H NMR spectra are referenced to residual C 6 D 5 H (δ 7.16 ppm), C 7 D 7 H (δ 2.08 ppm), or TMS (δ 0.00 ppm).
2 H NMR spectra are referenced to a small added quantity of CDCl 3 (δ 7.26 ppm). The NMR probe temperature for the variable-temperature measurements was calibrated using neat ethylene glycol or methanol. 91 Mass spectral data were obtained on a Shimadzu QP2010 system with electron impact ionization.
Octadeutero-1,4-cyclohexadiene (CHD-d 8 ) . In our hands, the published procedure 92 using NH 3 solvent gave the incompletely deuterated product C 6 D 6 H 2 . A modified procedure using ND 3 is given here, which gives the fully deuterated product C 6 D 8 . A small three-neck flask equipped with a dry ice/acetone condenser was thoroughly flushed with nitrogen, and ND 3 was condensed into the flask (∼15 mL). Ethanol-d 1 (2.7 mL, 46 mmol), benzene-d 6 (1.5 mL, 16.9 mmol), and triglyme (5 mL) were added to the liquid ND 3 via syringe, and the mixture was equilibrated to À40°C in a MeCN/dry ice bath. Dry sodium metal (1.17 g, 51 mmol) was cut into small pieces and added in portions over a 2 h period to the vigorously stirring reaction mixture by opening a stopper on the flask against a positive pressure of N 2 . After an additional 30 min, the reaction was warmed to room temperature to evaporate the ammonia, and the reaction was slowly and carefully quenched with D 2 O until the excess sodium metal was consumed and effervescence ceased. The reaction mixture was transferred to a separatory funnel and washed with water (3 Â 50 mL). After draining the aqueous layer the final time, the neat product was removed from the separatory funnel by pipet and transferred to a bomb flask containing CaH 2 . The mixture was freezeÀpumpÀthaw degassed three times and stirred for 24 h, after which the product was vacuumtransferred to a storage container containing activated 3 Å molecular sieves. The yield was 1.18 g (79%). Computational Details. The Gaussian 09 package 94 was used for this research unless noted otherwise. The B3LYP hybrid functional was employed. 95 Hybrid quantum mechanics/molecular mechanics (QM/ MM) calculations were used to study full experimental models of the imido intermediates 1 and 1 3 t Bupy. The QM/MM calculations utilized the ONIOM 96 methodology within the Gaussian suite of programs. The B3LYP/6-311þþG(d,p) level of theory was applied to the QM region; the MM region included the bulky substituents (Ar and Me substituents of L Me and the entire adamantyl group except the carbon directly attached to the imido nitrogen). The MM interactions were modeled with the universal force field (UFF).
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Simulations did not use any symmetry restraints, and several different initial guess and SCF convergence schemes were employed to help ensure the isolation of the lowest energy state of a particular multiplicity. Reactant, transition state, and product geometries were fully optimized using gradient methods. The unrestricted KohnÀSham formalism was used for the description of all open-shell species, unless otherwise noted. The energy Hessian was calculated and thus confirmed the calculated stationary points as minima (no imaginary frequencies) or transition states (one imaginary frequency). All reported enthalpies are calculated at 1 atm and 298.15 K.
GC/MS Detection of Organic Products. Representative reactions with CHD, Me 2 CHD, DHN, and indene were analyzed by GC/ MS to determine the yields of organic HAT byproducts by the following method. At the end of the reaction (>95% consumption of complex 1 by 1 H NMR spectroscopy), the NMR sample was exposed to air and poured onto a packed silica gel column (0.5 cm Â6 cm). Organic products were eluted with ∼10 mL toluene, and the mixture was spiked with 0.10 mL mesitylene. GC integration of the HAT byproduct was compared to mesitylene to derive the yield of the organic product. 
